Steered wheels shimmy is a harmful phenomenon in the steering
INTRODUCTION
Today there is a variety of systemic and design solutions in terms of meeting the basic functions of the steering system. In addition to the main task -to ensure the vehicle motion in the desired direction -the steering system has to meet a number of other requirements, some of the most important are the following [01, 03, 11-22]: acceptable steering accuracy and minimal lateral slip of steered wheels, spontaneous return of turned steered wheels into neutral position, low internal losses, acceptable level of handling the vehicle, primarily from the aspect of physical effort while controlling the steering wheel (low torque at the steering wheel with optimal turn of the steering wheel), also from the aspect of a sense of steering control (proportionality of the torque applied on the steering wheel and steered wheels resistance to turning), low level of system vibration, kinematic conformity with the vehicle suspension system, high reliability in the operation and steering the vehicle on the road in all conditions, and
• long life and easy maintenance. In this paper, special attention will be paid to the vibration of steering system, in particular steering wheels shimmy. Actually, steered wheels shimmy refers to the steered wheels angular vibration about the king pin [03, [4] [5] [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Steered wheels shimmy is a harmful phenomenon, because it leads to the fatigue of the driver and the elements of the steering system. Therefore, special efforts are made to reduce this phenomenon to a minimum, even at the stage of vehicle design.
• Dr Miroslav Demić -A contribution to research of the infl uence of steering trapeze on bus steered wheels shimmy For this purpose, sometimes, the design of a steering system incudes shock absorber, schematically shown in Figure 1 [22] . In this paper, the aim was to analyse the validity of this design, through the process of dynamic simulation, which is based on the analysis of a simplifi ed mathematical model of a steering system. Given the complexity of the kinematics and steering system design, as well as the existence of wheels elasticity, deformations of the system, infl uence of various forces and torques, it is obvious that the modelling of the system represents a signifi cant problem. In the literature [01, 11-21] models of different structure and complexity can be found, but bearing in mind that the goal here was to introduce the infl uence of shock absorbers, built-in in steering trapeze, it was found appropriate to use the model from [01, 17] as a basic point. Of course, it has been upgraded by introducing shock absorbers into a steering trapeze, as it will be discussed below.
VIBRATION MODEL OF THE STEERING SYSTEM
Model of a steering system should include all relevant parameters, such as the infl uence of allowance in the system, steering mechanism ratio, dry and viscous friction, inertial forces and torques, gyroscopic moments, as well as all active forces and torques acting on the wheels, etc. [17] . Certainly, it is a complex problem that in practice, in the initial stage of design of a steering system, is solved with simplifi cations so that the model can provide the analysis of the relevant variable, which is in this case damping of shock absorbers in the steering system [03] . Therefore, as a basis for the model, a model with two masses (two angular degrees of freedom) is used, taken from [01, 17] . As the original model did not include the infl uence of shock absorbers in the steering trapeze on the steered wheels shimmy, it was necessary to upgrade the model, according to the structural scheme of the steering system shown in Figure 2 . It is a model of two equivalent masses (power steering and steered wheels) and two degrees of freedom (the angle of the steering wheel refers to the equivalent mass of the power steering, hereinafter referred to as steering angle, and shimmy of the equivalent mass of steered wheels, hereinafter referred to as steered wheels shimmy).
The following symbols were used in Figure 2 : M d -moment on the steering wheel applied by the driver, M frs -moment of friction in the power steering, M ks -damping moment of the power steering, M cs -moment due to elasticity of the power steering,
M sh -moment due to the built-in shock absorber in the steering trapeze, M gyr -gyroscopic moment of wheels, M sa -aligning torque of the wheels, M frt -friction torque of the system of steered wheels, I s -moment of inertia of the equivalent masses of the elements of power steering, and I t -moment of inertia of steered wheels and related elements of the steering system. On the basis of [01, 03, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , the expressions for moments can be written in the following form:
M max -maximal torque applied by the driver on the steering wheel, f -frequency of turning the steering wheel, c frs , c frt -friction coeffi cients in power steering and wheels, respectively, v -vehicle speed, t -angular speed of wheels, r d -dynamic radius of wheels, Z f -vertical reaction on the front axle, k θ -tire sideslip coeffi cient, -slip coeffi cient due to caster angle, c χ -slip coeffi cient due to wheel convergence, -caster angle, and Χ -convergence angle of steered wheels
Based on Newton's laws and Figure 2 , after sorting, differential equations describing the vibration of the observed equivalent masses of the steering system are:
The analysis of differential equations (2) and (3) shows that they are with constant coeffi cients and nonlinear, and need to be solved numerically, as will be discussed later.
DYNAMIC SIMULATION
Using the model of the steering system described by equations (1) - (3), it is possible to analyse parameters of the built-in shock absorber in steering trapeze, the infl uence of radial load and the speed of the bus on the steering angle and steered wheels shimmy. In doing so, the analysis is performed for two typical speeds of the bus, 10 and 30 m/s and two front axle loads, 50 and 70 kN. While driving, the driver acted at the steering wheel with a maximum torque of 2 N, and the variation of the torque on the steering wheel was sinusoidal, with frequency of 1 Hz, because around that value there are commonly found frequencies of drivers action to the steering wheel) [17, 19] .
Bearing in mind that the applied model of the steering system was nonlinear, differential equations that describe its vibration motion are solved numerically, by use of Runge -Kutta method. In doing so, the numerical stability is achieved with the time increment of 10-5 sec, and the integration is carried out in 262144 points, which ensured the reliability of the results in the domain of 0.38 to 50000 Hz (which is very high for this type of problem and the results are observed in the area of up to 50 Hz). Dynamic simulation is performed for the tourist bus with the parameters given in Table 1 [22] . Preliminary analyses have shown that in order to follow the further text it is useful to present an illustrative example of a time series steered wheels shimmy, as it is done in Figure 3 . From Figure 3 it is evident that shock absorber affects the steering wheels shimmy, and was deemed appropriate to perform the further analyses on the basis of amplitude spectra, calculated by using the software ANALSIGDEM [10] . Friction coeffi cient of the wheels system, k trs , -100 
ANALYSIS AND DISCUSSION OF THE RESULTS
Dynamic simulation enables the analysis of the impact of damping of built-in shock absorbers, radial load and vehicle speed on the steering wheel vibration and steered wheels shimmy. By using the software [10], mean and RMS values of the time-series are calculated, as the results of dynamic simulation, and the values are given in Table 2 . Analysis of all the data, partially shown in Figures 4 and 5 showed that the greatest power of amplitude spectra of the steering angle is distributed within the area until about 2 Hz, which is consistent with [17] . In addition, it can be seen that the installation of shock absorbers insignificantly affects the steering angle, for both vehicle speeds, which also refers to the infl uence of the load of steered wheels on the aforementioned parameter. The obvious match of graphs relating the status -with or without shock absorbers is a result of signifi cant damping effect of power steering itself and partly a result of simplifi cations introduced in the vehicle model. However, the speed of the vehicle infl uences the steering since the increase of speed leads to the increase of amplitude spectra of the observed parameter (this fact can be explained as the infl uence of gyroscopic moment which exists in differential equations of motion of the observed vibration model of the steering system). Dynamic simulation enabled the analysis of the impact of damping of built-in shock absorbers, radial load and vehicle speed on the steered wheels shimmy. For illustration purposes, the results of dynamic simulation are partly shown in Figures 6 This certainly justifi es the installation and application of shock absorbers in the steering system trapeze, even though it complicates the design and increases the vehicle cost. In this case, the value of shimmy increases with the increase of the load of steered wheels, which is easily explained by the fact that the parameters of the tire lateral stiffness which exist in the applied model of the steering system increase with the growth of radial load of the tire. Bus speed also shows the impact on the steered wheels shimmy. In fact, the increase of speed leads to the increase of steered wheels shimmy, which can be related to the increase of the value of gyroscopic moments that are included in the model of the bus steering system.
CONCLUSIONS
Based on the performed study the following can be concluded:
The applied simplifi ed vibration model of a bus steering system can be used at the initial stages of vehicle design to enable the analysis of the dynamic phenomena in the mentioned system. Practical design solutions of the steering system trapeze with the built-in shock absorbers have their own justifi cation, as a shock absorber signifi cantly reduces steered wheels shimmy at lower frequencies, in re-
•
• gimes of variable vehicle speed and radial load of wheels. In doing so, shock absorber doesn't show a higher impact on the steering angle, except in the case of vehicle speed variation.
